The D -T burn time for advanced laser -fusion targets is calculated to be very short, < 50 ps.
Introduction
In laser fusion, such as with the 150 kJ NOVA I laser under construction at our Laboratory, the D -T reaction is expected to be complete within 50 ps.
In order to obtain some clues as to how the fusion reaction progresses, it is useful to measure the time -dependence of the neutron flux from the target. We describe here the design of a neutron streak camera, that will have a 16 ps resolving time and can be used to study the temporal history of fusion burn.
A neutron streak camera is essentially the same as an optical or x -ray streak camera, except that (1) the cathode is sensitive to neutrons, and (2) the cathode is curved such that the difference in the neutron path lengths from a point source to various parts of the cathode is compensated by electron transit times within the streak tube. In this way the cathode can be made large (several cm2) for high sensitivity, without sacrificing time resolution.
Time compensation is thus a key element to the development of a high sensitivity neutron streak camera.
Neutron Cathode
It is known that fission materials such as UO2 make good cathodes for neutron diodes. This is because U has a large fission cross section (2.1 barns for 14 MeV neutron), and the highly charged fission fragment drags out a large number (> 200) of low energy secondary electrons as shown in Fig. 1 . However, in order to be useful as an ultrafast streak camera, the energy spread of these electrons has to be small.
We estimate the -10 pm UO2 
Introduction
In laser fusion, such as with the 150 kJ NOVA I laser under construction at our Laboratory, the D-T reaction is expected to be complete within 50 ps.
In order to obtain some clues as to how the fusion reaction progresses, it is useful to measure the time-dependence of the neutron flux from the target. We describe here the design of a neutron streak camera, that will have a 16 ps resolving time and can be used to study the temporal history of fusion burn.
A neutron streak camera is essentially the same as an optical or x-ray streak camera, except that (1) the cathode is sensitive to neutrons, and (2) the cathode is curved such that the difference in the neutron path lengths from a point source to various parts of the cathode is compensated by electron transit times within the streak tube.
In this way the cathode can be made large (several cm^) for high sensitivity, without sacrificing time resolution.
Neutron Cathode
It is known that fission materials such as UO2 make good cathodes for neutron diodes. This is because U has a large fission cross section (2.1 barns for 14 MeV neutron), and the highly charged fission fragment drags out a large number (> 200) of low energy secondary electrons as shown in Fig. 1 .
However, in order to be useful as an ultrafast streak camera, the energy spread of these electrons has to be small. We estimate the spread to be A Eetió eV FWHM, using the data of Jamerson et al.1 Fortunately, this is adequate for our purposes as will be seen later.
The thickness of the cathode should be less than the range of the fission fragments ('1. 10 pm).
The thinner the cathode, the smaller the electron transit -time spread and thus the better the time resolution. However thinner cathodes result in poorer detection efficiency.
For a given cathode thickness one can increase the detection efficiency by making the cathode area larger.
There is nonetheless an additional problem. The 14 MeV neutron is rather slow, only 170 of the speed of light.
One mm path difference introduces a time spread of 20 ps.
How can we then obtain a large cathode without jeopardizing the time resolution?
Compensating Neutron and Electron Transit Time Dispersion Basic geometry relation for analyzing and compensating neutron and electron transit time differencies.
dispersions. Make a curved cathode so that the neutron and electron path differences are given by A SN and A Se respectively. Let ßN = neutron velocity, and Be = electron 
Electron Beam Optics
We have modified the code GUNSLC2 to compute the electron beam optics for a 5 cm diameter cathode of 2.5 cm radius of curvature. With a 10 kV extractor and a 30 kV anode, the secondary electrons can be focused at the 0.1 mm radius pinhole 3.7 cm from the cathode.
The ray traces are plotted in Fig. 4 . Ray 1 through 6 were traced to clear the pinhole.
The electron transit time difference Ate fcr these rays and the corresponding neutron transit time difference A tN for 14 MeV neutrons emitted from a source 30 cm away from the cathode are tabulated in Table I .
It is seen that the time differences can be compensated to within 4.2 ps. (A tNe).
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spread to be A Ee^6 eV FWHM, using the data of Jamerson et al. is adequate for our purposes as will be seen later.
Fortunately, this
The thickness of the cathode should be less than the range of the fission fragments (^ 10 ym).
The thinner the cathode, the smaller the electron transit-time spread and thus the better the time resolution.
However thinner cathodes result in poorer detection efficiency.
There is nonetheless an additional problem. The 14 MeV neutron is rather slow, only 17% of the speed of light. One mm path difference introduces a time spread of 20 ps. How can v/e then obtain a large cathode without jeopardizing the time resolution?
Compensating Neutron and Electron Transit Time Dispersion Fig. 2 illustrates the basic relation for compensating neutron and electron transit time Neutron source UO2 cathode 
Choose such that
Thus by choosing the electron velocity to satisfy equation 3 one can compensate the neutron transit time difference by the electron transit time difference (equation 4). Fig. 3 depicts the schematic of a neutron cathode and anode configuration.
Electron Beam Optics
We have modified the code GUNSLC to compute the electron beam optics for a 5 cm diameter cathode of 2.5 cm radius of curvature. With a 10 kV extractor and a 30 kV anode, the secondary electrons can be focused at the 0.1 mm radius pinhole 3.7 cm from the cathode.
The electron transit time difference Ate for these rays and the corresponding neutron transit time difference A tN for 14 MeV neutrons emitted from a source 30 cm away from the cathode are tabulated in Table I .
It is seen that the time differences can be compensated to within 4.2 ps. ( A t>r ). Schematic of a neutron cathode and anode configuration. A possible configuration of the neutron streak camera is shown in Fig. 5 . The cathode is coated with 1 pm UO2 (or up to 10 pm for higher detection efficiency, but with poorer time resolution). Each fission fragment leaving the 1 -10 pm UO2 cathode generates 400 -200 secondary electrons. The electrons focused at the first pinhole with the extractor and the anode are refocused with the first electrostatic lens at the second pinhole.
The vertical deflector separates the electrons from surviving positive ions if any, due to 0(n,p) and O(n,a) reactions in the UO2 cathode.
The electron beam can now be streaked and detected with standard streak camera techniques.
Having cancelled out the neutron and electron transit time dispersions, the resolving time of the neutron streak camera is now dominated by the following two factors. 1) Atk, the transit -time dispersion3 due to the electron energy spread AEe. Here A tk = 23000 % /E = 11 ps for an electric field E of 5000 V /cm at the cathode, and AEe = 6 eV. Each fission fragment leaving the 1-10 yin UO2 cathode generates 400-200 secondary electrons. The electrons focused at the first pinhole with the extractor and the anode are refocused with the first electrostatic lens at the second pinhole.
The vertical deflector separates the electrons from surviving positive ions if any, due to O(n,p) and O(n,a) reactions in the UC>2 cathode.
Having cancelled out the neutron and electron transit time dispersions, the resolving time of the neutron streak camera is now dominated by the following two factors.
1)
At k' t^ie transit-time dispersion3 due to the electron energy spread AE e . Here A tfc = 23000 VAE e /E = 11 ps for an electric field E of 5000 V/cm at the cathode, and AE e = 6 eV.
2)
At.., the electron transit-time spread in the cathode material. For 1 um UO 2 / this is 10 ps, assuming an electron scattering-limited velocity of 10' cm/s.
The overall time resolution of the neutron streak camera is then (4.2^ + ll2 + 102)1/2 = IG ps. A possible configuration of the neutron streak camera.
W x -ray filter
Using the above geometry, for 1011 neutrons emitted isotropically from a point source 30 cm away, 100 fission fragments would leave the 1 pm thick cathode of 1 cm effective radius, generating 40,000 secondary electrons.
However, in the ray trace with GUNSLC, the secondary electron angular spread was restricted to within + 10° with respect to the normal to the cathode. Under this restriction, the transmission of the secondary electrons through the 0.2 mm first pinhole is 27 %.
X -rays from the fusion target can be adequately shielded with 1 cm W.
A Monte Carlo calculation for the neutron transport shows that the neutrons inelastically scattered from the shielding into the cathode, and the y -rays generated in the shielding, contribute less than 1% to the background.
A detailed study has yet to be carried out to determine the shielding required to protect the phosphor screen from the direct neutrons and general x -ray background.
The vertical deflector can bend the electron beams downward enough (> 5 cm) so that an adequate shielding can be placed between the neutron source and the phosphor screen.
It is known that the optical streak camera works well at 80 cm from the target (outside the target chamber). With a reentry hole in the target chamber and with adeaquate shielding for the electromagnetic pulse (EMP) we expect the neutron streak camera to function properly at 30 cm from the target. We are planning an EMP shielding test with an optical streak camera.
Should it prove necessary, the electron beam in the neutron streak tube could be guided out of the target chamber.
In conclusion, it is possible that the neutron streak camera can be a viable and unique tool for studying temporal history of fusion burns in D -T plasmas of a few keV ion temperature and 1011 neutron yield. For higher ion temperatures, the dispersion of the neutron energy due to Doppler broadening would require the streak camera to be placed closer to the target.
How close it can be placed near the target and still remain operational can be answered perhaps only with experiments. Using the above geometry, for IQH neutrons emitted isotropically from a point source 30 cm away, 100 fission fragments v/ould leave the 1 ym thick cathode of 1 cm effective radius, generating 40,000 secondary electrons.
However, in the ray trace with GUNSLC, the secondary electron angular spread was restricted to within + 10° with respect to the normal to the cathode.
Under this restriction, the transmission of the secondary electrons through the 0.2 mm first pinhole is 27%.
X-rays from the fusion target can be adequately shielded with 1 cm W. A Monte Carlo calculation for the neutron transport shows that the neutrons inelast ically scattered from the shielding into the cathode, and the y~raY s generated in the shielding, contribute less than 1% to the background.
A detailed study has yet to be carried out to determine the shielding required to protect the phosphor screen from the direct neutrons and general x-ray background.
The vertical deflector can bend the electron beams downward enough (_> 5 cm) so that an adequate shielding can be placed between the neutron source and the phosphor screen.
In conclusion, it is possible that the neutron streak camera can be a viable and unique tool for studying temporal history of fusion burns in D-T plasmas of a few keV ion temperature and 10^ neutron yield.
For higher ion temperatures, the dispersion of the neutron energy due to Doppler broadening would require the streak camera to be placed closer to the target.
How close it can be placed near the target and still remain operational can be answered perhaps only with experiments.
